We present a technique to fabricate tunnel junctions between graphene and Al and Cu, with a Si back gate, as well as a simple theory of tunneling between a metal and graphene. We map the differential conductance of our junctions versus probe and back gate voltage, and observe fluctuations in the conductance that are directly related to the graphene density of states. The conventional strong-suppression of the conductance at the graphene Dirac point can not be clearly demonstrated, but a more robust signature of the Dirac point is found: the inflection in the conductance map caused by the electrostatic gating of graphene by the tunnel probe. We present numerical simulations of our conductance maps, confirming the measurement results.
I. INTRODUCTION
The electron and hole bands of pristine graphene exhibit linear dispersion, and meet at a point in reciprocal space of zero energy and vanishing density of states (DOS) known as the Dirac point. This situation leads to charge carriers that behave as massless relativistic particles with a Berry's phase of π, 25, 34 and a large number of theoretical and experimental studies have investigated the consequences of this fact. The realization of high electronic mobilities 5, 6 ,11 has in turn spurred interest both in fundamental quantum hall studies 8, 25, 37 and the use of graphene as a next generation electronic material, stable on nm length scales, 5? and able to carry extremely high frequency signals 20 .
In traditional silicon based electronics, the contacts between semiconductors and other materials play a crucial role. In graphene, however; a prototypical device would be carved out from a single graphene sheet, including the interconnects. 12 , and this is perhaps the reason that the study of contacts between graphene and metals has not received as much attention as the intrinsic effects. Both for reasons of protection, and the layering necessary to create electronic architectures sufficiently complex for modern integrated circuits, graphene must have other materials stacked on top and possibly beneath it. Thus the study of heterostructures formed between graphene, and oxides, metals, semiconductors, or even other pieces of graphene is of great technological importance, yet there have been relatively few theoretical 4, 14, 28 and experimental 1, 27, 31 investigations of such contacts.
In this work, we study Al and Cu junctions separated from graphene by a sufficiently thin oxide to constitute a tunneling junction, and in many devices sufficiently thick to operate as a field effect transistor. Until now, most low temperature tunneling studies of graphene have been done using scanning tunneling microscopy (STM). 7, 35, 36 Those studies provided a wealth of information regarding the electronic states in graphene, 19, 22, 23 the Landau levels in a magnetic field, 19, 23 and inelastic tunnel processes. 34 The few implementations of solid state junctions so far have almost exclusively focused on spin-injection studies.
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II. FABRICATION AND EXPERIMENT
We fabricate junctions by visually selecting samples of graphene exfoliated onto an oxidized silicon wafer that is used as a back gate. We confirm that they are a single graphene layer using raman spectroscopy 9 . We use electron-beam lithography to define a device pattern in a bilayer of PMMA/MMA resist, we then thermally evaporate 35 nm of metal, and lift-off in acetone. An image of a finished device is pictured in Fig. 1 . The large area (>5µm 2 ) leads have contact resistances to graphene of order kΩ; they will be referred to as the ohmic leads. In Al, the leads ∼.5µm wide or less rapidly increase their contact resistance to graphene after removal from the vacuum chamber. In Cu, leads are made narrower (100-200 nm), and placed in dilute HNO 3 (12% in water) for several seconds to initiate the oxidation. The devices are rinsed in DI water, IPA, and blown dry. At this point they begin to age in air, though more slowly than the Al junctions. The resistance of the junction reaches the M Ω-range after aging for several days. It is essential not to heat the Cu samples above room temperature, during the aging or before measurement (heating can promote rapid oxidation in air, and vacuum heating above ∼100 C will reduce the Cu-oxide). In
this letter we will demonstrate that these narrower, oxidized leads are tunneling probes of graphene.
We suppose that due to these metals' poor bonding with graphene, 14 diffusion of oxygen and water through the interface is responsible for the oxidation of the junction. This method has been used for fabricating tunnel junctions in the past. In his original tunneling experiments, Giaever 10 oxidized Al in normal air to create tunnel junctions of ∼50Å thickness, and the procedure worked even when a semiconducting film was deposited on top of the metal electrode before removal from the vacuum chamber. 13 It should be noted that a similar method was used to study screening in multilayer graphene devices, 24 and that similar reasoning was applied to the poorly bonding metal gold to make tunnel junctions to nanotubes.
doping in graphene under the probe.
In the second experimental setup, the current between the probe and the graphene was measured versus probe voltage, while the back gate voltage is swept slowly. The measurement geometry is shown in Fig. 1-B . We then numerically calculate a derivative from the IV curve, and create a 2D map of differential conductance versus probe (V p ) and back gate voltage (V g ). These 2D maps will be referred to as conductance maps.
We have investigated many samples. We focus on our highest quality samples which include an Al junction tested at several points in the aging process (Al-1A, Al-1B, and
Al-1C), a second Al sample (Al-2), and two Cu junctions (Cu-1 and Cu-2). A few other samples have been studied in less detail, but generally confirm the effects presented here.
The sample displayed in Fig. 1 is Al-1.
III. THEORY OF TUNNELING IN GRAPHENE
We now develop a quantitative theory which we can use to analyze our data. Since the graphene DOS is much smaller than in metals, it can not be assumed that the probe electrode used for tunneling does not itself gate the graphene. This situation merits a rethinking of some standard analysis. We use as a starting point the expression for a tunneling current into a two dimensional material. When tunneling into very thin films, the electron tunnels from a bulk metal, into a state which is confined in the direction perpendicular to the plane of the electrode. Thus there are electron in a box states in the perpendicular direction. Since graphene is nearly two dimensional, these states are exceptionally widely spaced (many volts), and in practice only the very first one can actually be accessed. Therefore, taking E nx as the energy of the n th electron in a box state, D(E, E − E nx ) as the transmission coefficient at an energy E and a perpendicular energy E nx , and g n (E − E nx ) as the density of states (DOS) of the n th band, we have for the tunneling current at zero temperature
We assume that only n= 1 is important, and that D(E, E − E 1 ) = D. We justify the assumption of a constant transmission coefficient of the barrier in the section on inelastic tunneling, in particular, that the barrier height is much larger than the bias voltage. We, however; do not assume that µ stays constant while the probe voltage is changed. Then,
where g(E) = g 1 (E − E 1 ).
Normally, when looking at the tunneling conductance, the Fermi level is taken as constant, but in our junctions, µ is a function of both V p and V g , and we use a capacitor model to express the relationship. The graphene chemical potential µ is measured from the Dirac point, as sketched in Fig. 1 C and D. Graphene is grounded via the Ohmic contact shown in Fig. 1 A or B. In equilibrium (V p = V g = 0), the graphene electrochemical potential, µ + eφ, is equal to that of ground, which we set to zero, φ is the electrostatic potential, and e = −1.602 · 10 −19 C. Since the gate is well insulated from graphene, the graphene remains in equilibrium with ground at finite V g . At finite V p , the current flows between the probe and the graphene, resulting in a potential drop across the graphene and the Ohmic contact.
We can neglect this potential drop, because the resistance between the tunnel probe and graphene (typically > M Ω) is much larger than the sum of the graphene resistance and the Ohmic contact resistance (typically < 10kΩ), so the condition µ + eφ = 0 remains satisfied in graphene.
At finite probe and gate voltages, electrons will be attracted or repelled from graphene, because of the capacitive coupling to the probe and the gate. The change in the carrier density changes the graphene chemical potential, while the electrostatic potential adjusts to maintain equilibrium µ + eφ = 0. In our capacitor model,
where C p and C g are the capacitances between the probe and graphene, and the gate and graphene, respectively, per unit area, and σ 0 and µ 0 are the charge density and the chemical potential at V g = V p = 0, respectively. It follows that σ 0 = −(C p + C g )µ 0 /e for the initial doping of graphene. C g is measured to be 124µF/m 2 on a test sample.
In ideal graphene,
is the DOS per unit energy and unit area, assuming v F = 1.0 · 10 6 m/s. As a function of V p and V g , the resistance of graphene has a maximum when the Fermi level is at the Dirac point, µ = 0. Substituting µ = 0 and g(E) = g 0 (E) in Eq. 3, and solving for µ 0 , we obtain
where V p,D and V g,D are the probe and the gate voltages, respectively, at the resistance maximum. We will use this relation to obtain the average doping in graphene under the probe and outside the probe.
Though a great deal can be drawn from these analytic equations, and they can be explicitly solved for the ideal graphene DOS, 2|E|/π(hv F ) 2 , they can become rather complicated if one tries to insert a non-ideal value for the DOS, and thus we have set out to calculate conductance maps numerically. We use a tight binding hamiltonian with periodic boundary conditions and a potential of randomly placed charged impurities, sketched in Fig. 2 
-A. The
Hamiltonian is then written as
where t ij = t = 2.25eV is the hopping energy, E i = E = 0 is the site energy, and N imp corresponds to an impurity density of ∼ 3 · 10 11 cm −2 . The hopping energy is chosen so that the final result for the Fermi velocity agrees with 1.0 · 10 6 m/s. We use an even number of oppositely charged impurities so that there is no net doping, and we may enforce a doping of our choosing (σ 0 in Eq. 3) when constructing a conductance map. We simulate an area of graphene corresponding to roughly 11,000 unit cells, or 600 nm 2 . The eigenvalues E(α)
are derived from the matrix, the DOS is obtained as g(E) = α δ(E − E(α)), and a 5meV
broadening was introduced to the eigenvalues to create a continuous DOS. To obtain a conductance map, we solve Eq. 3 numerically to obtain µ and dµ/dV p as a function of V p and V g , and calculate the conductance with Eq. 2. A conductance map constructed at µ 0 = −.15eV and µ 0 = +.4eV doping is displayed in Fig. 2 -C and D repsectively.
Clearly, two sets of parallel lines, one with positive slope and one with negative, are present in the maps.
The positive and negative sloping lines in the conductance map arise when µ+eV p = const and µ = const, respectively. For example, if V p and V g are varied so that µ + eV p = const, the upper bound of the integral in Eq. 1 is constant, so the contribution to the differential conductance from the upper bound is constant. A similar condition holds for the lower bound, if V p and V g are varied so that µ is constant.
To see how this translates into the lines we see in the conductance maps, we take the differential of Eq. 3, and finding how the back gate electrode must change to enforce either
where C Q is the quantum capacitance as defined in 21 replacing the graphene DOS for that of a 2DEG. We can thus see that the slope of lines of constant energy µ + eV p always have positive slope, and are related to the graphene DOS at the Fermi level. The curvature of the positive sloped lines µ + eV p = const is 
IV. EXPERIMENTAL RESULTS AND DISCUSSION
A. FET geometry
We will now discuss the results from the first setup, sketched in Fig. 1 -A. This experiment gives us a global view of the capacitance of the probe electrode, and the doping level of the graphene under the probe. The resistance between the two Ohmic leads, that is the twoprobe resistance, was measured using a lock-in technique, with an excitation current of 1µA.
The two-probe resistance versus back gate voltage (V g ), at zero probe voltage, (V p = 0), is shown in Fig. 3 -A for sample Al-1B. The two-probe resistance has a maximum at V g = −.4
volt, indicating a Dirac point in bulk graphene. Since the maximum location is very close to zero volts, this indicates that the doping in graphene is very weak. The doping in this sample is weak by random chance; among different samples, the location of the maximum varies by up to 20 volts.
Next, the two-probe resistance is measured while sweeping the probe voltage at fixed back gate voltage, as shown in Fig. 3 -B for sample Al-1B. Again, the two-probe resistance exhibits a maximum in resistance, but the location of the peak is very different from that measured in bulk graphene. The effect of the probe and back gate voltages can be separated by mapping resistance in colorscale versus probe voltage and back gate voltage as seen in We will discuss the capacitance ratio again, after discussing the tunnel spectroscopy results that lead to a higher capacitance ratio.
In the case of bulk graphene (outside the probe), C p C g and we obtain µ 0 = +0.020eV , indicating weak doping. Beneath the probe, for sample Al-1B we obtain µ 0 = +.25eV , sample Al-1C we obtain +.22eV , sample Al-2 +.29eV , and Cu-1 is −.15eV . We would like to stress that all Al junctions tested are n-doped, all Cu junctions are p-doped, and that this doping differs from that in the bulk graphene. This claim will be further verified by the tunneling spectra. Note also that this is a global measure of the doping under the probe.
That is, µ 0 represents the average doping level over the entire area under the probe.
B. Tunneling geometry
Now we discuss the results from the set-up sketched in Fig. 1-B . Fig. 4 -A, B, and C display the conductance dI/dV p versus bias voltage V p at 4.2K, for sample Al-2, Al-1B, and Al-1C, respectively, at V g = 0. The probe voltage range is smaller than the ranges in Fig. 3-B, C, and D, because the current becomes noisy at large bias, |V p | > 0.2V . Similarly, the current becomes noisy if the back gate voltage is large, |V g | > 60V . Fig. 4 -D, E, and F display the conductance maps, defined as G(V p , V g ) = dI/dV p as a function of V p and V g . As noted above, the figures correspond to the samples in Fig. 4-A, B , and C, respectively. Fig. 5-A and B display the conductance maps for Cu-1 and Cu-2.
The conductance in Fig. 4 exhibits fluctuations, which are reproducible with bias voltage. Dirac point in all data, there is still enough information to prove our interpretation.
The lines of constant Fermi level µ = const are always negative and equal to the capacitance ratio of the two electrodes as discussed in Sec. III. This is a local capacitance ratio specific to the small area where the tunneling takes place, and is 160 for Al-1A, 101
for Al-1B, 104 for Al-1C, 133 for Al-2, 120 for Cu-1, and 180 for Cu-2. The fact that this capacitance ratio is much higher than the one stated earlier from the FET measurements indicates that tunneling occurs in a portion of the junction that is thinner than the average junction thickness. Since the oxidation proceeds inward through the interface, it creates thicker oxide at the edges, and a thinner one near the center. A thickness measurement of our junctions is not strictly possible using either capacitance value, as we can not know the dielectric constant of the insulating layer. For the Al-junctions, we can estimate the thickness to dielectric constant ratio from the capacitance of the junction, leading to a typical thickness of 6nm for a dielectric constant of 8. Since oxide is formed in ambient conditions, with ambient humidity, the dielectric constant could vary from it's ideal bulk value of 8.9.
Electron tunneling over such a thick dielectric is not possible, suggesting that any tunneling would be confined to pinholes. given by Eq. (6) and (8), agree well with the measurement with only the doping level as an adjustable parameter.
C. Inelastic tunneling
We now discuss inelastic tunneling. emission. In our samples, the phonon feature is observed only in high resistance samples exceeding 5MΩ in tunnel resistance, which restricts the discussion to our Al junctions. 
The k || term increases the effective barrier to tunneling in the case of graphene where k || is the K-point. For electrons tunneling into the K-point of graphene,hK 2 /2m e ≈ 11eV . We believe, therefore, that band bending is not an issue for our bias range of at most 200meV, and is irrelevant in Eq. 4. However, this does not preclude phonon assisted tunneling.
The energy of the out-of-plane acoustic phonon in graphene with wavevector K is approximately 65meV . So, at a bias voltage of 65mV or above, electrons can enter or exit graphene via a higher order, two step process, involving a virtual state at the graphene Γ-point, which has a wavevector of length zero.
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As the barrier thickness increases by aging, the resistance of the elastic tunnel channel increases much more rapidly than the resistance of the inelastic tunnel channel. In the sample studied in this paper, at the junction resistance of about 5MΩ, the rates of elastic and inelastic tunneling become comparable, and a weak resonance emerges.
It can be seen directly from Fig. 4 -D,E, and F that the lines are unaffected by inelastic tunneling events, as they can be seen to pass through the inelastic thresholds without changing their slope. This demonstrates that the inelastic and the elastic tunneling processes are added in parallel, as independent tunneling channels.
V. CONCLUSIONS
In conclusion, a solid state realization of a tunnel junction into graphene has been demonstrated. A measurement technique which extracts information of the graphene region under the tunnel junction is introduced. We extract the doping level of the graphene under the junction, both locally at the tunnel spot and globally under the entire junction area, and find doping to be significantly different than in the bulk. In Al junctions, doping is strong on the n-side, in Cu junctions, doping is small to moderate on the p-side. We observe fluctuations in the tunnel DOS of graphene, which shift with applied back gate voltage in accordance with the electronic DOS in graphene, and an inelastic conduction threshold associated with high resistance junctions. Finally, the electrostatic gating of graphene caused by the tunnel probe needs to be considered, and provides a powerful tool for interpreting tunneling experiments in graphene.
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